We evaluated 255 African (Loxodonta africana) and Asian (Elephas maximus) elephants living in 68 North American zoos over one year to quantify housing and social variables. All parameters were quantified for the both the day and the night and comparisons were made across these time periods as well as by species and sex. To assess housing, we evaluated not only total exhibit size, but also individual animals' experiences based on the time they spent in the unique environments into which the exhibits were subdivided. Variables developed to assess housing included measurements of area as a function of time (Total Space Experience), environment type (Indoor, Outdoor, In/Out Choice) and time spent on hard and soft flooring. Over the year, Total Space Experience values ranged from 1,273 square feet to 169,692 square feet, with Day values significantly greater than Night values (p<0.001). Elephants spent an average of 55.1% of their time outdoors, 28.9% indoors, and 16% in areas with a choice between being in or out. Time spent on hard flooring substrate ranged from 0% to 66.7%, with Night values significantly greater than Day (p<0.001). Social factors included number of animals functionally housed together (Social Experience) and social group characteristics such as time spent with juveniles and in mixed-sex groups. Overall Social Experience scores ranged from 1 to 11.2 and were significantly greater during the Day than at Night (p<0.001). There were few significant social or housing differences between African (N = 138) and Asian (N = 117) species or between males (N = 54) and females (N = 201). The most notable exception was Total Space Experience, with African and male elephants having larger Total Space Experience than Asian and female elephants, respectively (P-value<0.05). The housing and social variables evaluated herein have been used in a series of subsequent epidemiological analyses relating to various elephant welfare outcomes.
Introduction
Addressing questions regarding zoo elephant welfare is important, as significant public attention has been directed toward the housing and care of elephants in zoos. Of particular interest is an enhanced understanding of elephant housing and management as they relate to welfare outcomes. In order to determine the factors most salient to elephant welfare and inform evidence-based elephant care, elephant housing and management and their associations with elephant welfare must be systematically assessed in zoological settings.
Comprehensive animal welfare assessment relies on the collection and analysis of two distinct, yet related, types of data [1] . The first describes housing features and management practices-also known as resource-based measures, and the second requires the measurement of welfare indicators such as behavior, physical health and physiology-also known as outcomebased measures. In most cases resource-based measures must be assessed in conjunction with welfare outcomes in order to understand the animals-responses to variation in environmental parameters. This can be accomplished either through experimental means by comparing welfare outcomes of animals exposed to different housing or care conditions (i.e. [2, 3, 4, 5] ) or through epidemiological studies correlating resource-based parameters and welfare outcomes within a diverse population (i.e. [6, 7, 8] ).
Using resource-based parameters as independent variables in an epidemiological study requires the development of measurement methods that account for significant variation in form and practice within the population. This paper focuses on the development and analysis of variables relating to housing and social aspects of elephant management in accredited zoos in North America. The dual purpose was to provide a comprehensive review of elephant housing and social management in zoos and to generate appropriate independent variables to be used in subsequent epidemiological analyses of behavioral [9, 10, 11] physiological [12] and health-related [13, 14] welfare indicators.
Our study focused on environmental and social factors because both of these play an important role in the behavior and ecology of wild elephants [15, 16, 17, 18] and because research in many managed species demonstrates that animals' experiences of physical space and social milieu play a critical role in their welfare. For example, studies have shown that for social species, isolation, exposure to groups of unnatural size or composition, or repeated disruption of established social groups have detrimental effects on physiology behavior, and e psychological state [19, 20] . Conversely, social environments can be used to promote positive welfare in managed animals by increasing mental stimulation, promoting social learning and the expression of highly motivated and/or natural behaviors, and by buffering stress [21, 22] .
The physical environment also plays an important role in the welfare of managed animals across contexts and species [23] . One key component of the physical environment is the amount of space to which an animal has access. Variation in the amount of space available to animals has been shown to affect welfare, although these effects vary. Some studies show that experimental decreases in space allowance result in negative effects such as increases in aggressive behaviors, adrenocortical secretion [3] , and stereotypic behavior [4, 24] . Other studies, however, have failed to demonstrate associations between smaller spaces and indicators of compromised welfare [6, 25, 26, 27] . Differences in the effect of space allowance on welfare indicators such as stereotypic behavior may be attributable to the natural history of the species such that spatial restriction plays a larger role in welfare outcomes for species with large home ranges (e.g. carnivores: [28] ).
The quality of space experienced by animals is also important. For elephants, flooring and substrate composition may be particularly critical aspects of environmental quality. Hard surfaces have been associated with poor elephant foot and joint conditions including trauma to foot pads, toenails, joints and other musculoskeletal structures [29, 30, 31, 32] . Studies in cattle have shown similar trauma associated with hard surfaces [33, 34] , as well as a protective effect of soft substrates [35] . To date, no studies have systematically evaluated the effects of social and housing factors on the welfare of zoo elephants, nor is there information about how species and sex contribute to variation in these factors. Given the importance of resource-based measures in developing an understanding of elephant management and facilitating welfare assessment, our study was designed to collect detailed information about the housing and social management of zoo elephants in a way that captured the variation in these factors both within zoos and across the zoo population. Subsequently, we translated these data into standardized variables suitable for descriptive and comparative analyses. A similar approach was taken in a related manuscript that to quantifies other elephant management factors for this population including enrichment, training, feeding and exercise [36] .
Materials and Methods
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Data Collection
The evaluation of housing and social resource-based parameters in multi-institutional zoo studies is typically conducted using facility-level or herd-level surveys [36, 37] . However, exploratory conversations with participating elephant care professionals at the outset of this project revealed significant variation not only between zoos, but also within zoos with respect to how individual elephants were managed spatially and socially. Within zoos, elephant managers often vary housing options and social groupings to account for time of day, time of year, herd dynamics, husbandry schedules, and individual elephant characteristics. Therefore, in order to accurately measure factors related to zoo elephants' housing and social environments across the population of elephants, we developed a data model and accompanying software interface to capture both the range in complexity between zoos and the variability at the individual elephant level within zoos.
The process for capturing these data included two integrated steps completed by each participating zoo. The first step was the zoo registration process, which captured data relating to demographics, exhibit characteristics, and social groupings ( Table 1 ). The second step was submission of monthly Management Logs reporting housing and social time budgets for each elephant. Each zoo completed these logs for day management and for night management every month for 12 months. To account for variation and fluctuation in how day and night were defined by the zoos, the number of hours associated with day management (Day) and night management (Night) were reported by each zoo on a monthly basis. These management periods generally coincided with employee schedules (e.g., day management meant that employees were onsite), but varied within and between facilities due to seasonal and geographic differences.
Social time budgets were based on how each individual elephant's time was spent in each of the social groups of which it was a member. Social groups were defined as being comprised of elephants that shared unrestricted space during the course of normal social management. Additionally, when elephants were reported to spend time housed alone, managers were asked to report the percentage of time housed alone that was spent with restricted access (via a barrier) to one or more other elephants. An example of the software interface for the social time budget of an elephant is provided in Fig 1. Housing time budgets allowed zoos to report how much time each social group spent in each of the available environments. Environments were defined as single or multiple contiguous units of space in which elephants were housed during the course of normal management. An example of the software interface for the housing time budget is provided in Fig 2. All data were stored in a relational database using SQL server. Confidentiality of data was ensured by using randomly generated unique alpha-numeric codes for zoos and elephants. Data were exported to MS Excel (Seattle, WA) and SAS 9.3 (Cary, NC) for variable creation.
Subjects
Monthly Management Logs were completed by 68 zoos, which represented 96% of the AZA accredited elephant holding institutions in 2012. Elephant-level data were only included for analysis if the elephant was not born, did not die, and was not transferred between zoos during the period from January 1, 2012 to December 31, 2012. These criteria were met by 255 elephants, 138 of which were African (110 females and 28 males) and 117 of which were Asian (91 females and 26 males). Cases where sample sizes varied due to data availability / applicability are noted in the results. Table 2 ; the following paragraphs describe these variables in more detail. Social. Each elephant's social situation was evaluated using several distinct variables. Herd Size was defined as the maximum number of elephants present at a zoo during the 2012 study period. Within a zoo, elephants were combined into social groups for management purposes and individual elephants spent varying amounts of time in the social groups of which they were members. Social groups were defined as groups of elephants that shared physical space without an intervening barrier, and each Social Group was comprised of a unique set of animals. Animal Contact was defined as the maximum number of unique elephants (not including itself) with which an elephant shared social groups and Social Group Contact was defined as the maximum number of unique social groups of which an elephant was a member per management period (Day, Night, and Overall) throughout the study.
The percent of time each elephant spent in each social group during each management period (Day, Night, and Overall) each month was taken from the monthly Management Logs. Social Experience (Eq 1) was calculated by taking the size of each social group in which an elephant spent time, multiplying it by the percentage of time the elephant spent in that social group and then averaging these weighted social group sizes. Social Experience was calculated per management period (Day, Night, and Overall). Relative Social Experience Change was calculated by taking the difference between Day Social Experience and Night Social Experience and dividing by the Day Social Experience. This relative value typically ranged from -1 to 1, of the process by which elephant managers provided social time budget information for an elephant (Brownie) that was a member of 4 social groups and spent time in each social group option during the Day during November. This interface was presented sequentially for all elephants at a zoo. When applicable, fields were auto-filled to reflect the fact that by definition time assigned to one member of a social group must apply to all members of that social group. The software also verified that the values entered summed to 100. 
Social groups were classified by the presence or absence of a juvenile (defined as 7 years of age or younger), the presence of one or both sexes, and the number of elephants in the group. Elephants housed without a social partner (Social Group size of 1) were considered to be Housed Separately. An elephant was considered Housed Separately with Restricted Physical Access if it could see and/or touch another elephant but was in a physically separated environment. Percent Time in a social group was calculated by first summing the percent time spent in that social group in a given month, then averaging the monthly sums. This calculation was Housing. Ten separate housing variables were calculated. Total Exhibit Size was defined as the total area (square feet) of space available to elephants within a zoo. Exhibits are comprised of multiple units of space (Enclosures), and Environments are the unique ways in which Enclosures are used singly or in combination to house elephants. The total number of Environments available at each zoo was tabulated as Environment Count, and the maximum number of unique environments that each elephant spent time in during the 12 month study period was calculated as Environment Contact. Environments were classified as being indoors, outdoors, or comprised of both indoor and outdoor areas (In/Out Choice). The percent of time each elephant spent in each Environment during the Day and Night for each month was calculated by multiplying the percent time the elephant spent in a given Social Group by the percent time the Social Group spent in each Environment. Using this information, several elephant level space variables were created. Space Experience (Eq 2) was calculated by taking the size of each environment in which an elephant spent time, multiplying it by the percentage of time the elephant spent in that environment and then averaging these weighted environment sizes.
Space Experience was calculated for all environment types combined (Total), and for each of the three environment types separately (Indoor, Outdoor, and In/Out Choice). Space Experience for each of these was calculated for Day, Night and Overall. So, for example, the Night Outdoor Space Experience describes the average size of the outdoor environments the elephant spent time in at night, weighted by the amount of time spent in each outdoor environment at night. Throughout the rest of the manuscript, similar differentiations will be presented using a "per X" designation, e.g. Space Experience was calculated per environment type (Total, Indoor, Outdoor, and In/Out Choice) and per housing period (Day, Night, and Overall).
Space Experience by Elephant was calculated much as the Total Space Experience variable was calculated, except that environment area was divided by the total number of elephants using the space at that time. This allowed for Space Experience to reflect elephant density within environments. Relative Space Experience Change was calculated by taking the difference between the Day Total Space Experience and the Night Total Space Experience and dividing by the Day Total Space Experience. This relative value typically ranged from -1 to 1, with values closer to zero indicating similar Day and Night Space Experiences, values closer to 1 indicating a larger Day Space Experience, and values closer to -1 indicating a larger Night Space Experience.
Percent Time in an environment type was calculated by first summing the percent time spent in each environment for a given month, then averaging the monthly sums. This calculation was performed for each individual environment type (Indoor, Outdoor, and In/Out Choice) and per housing period (Day, Night, and Overall).
Flooring. Seven classes of flooring substrate were defined: grass, sand, rubber padding, dirt, stone aggregate, concrete, and other. We categorized the types of substrates into hard surface (concrete and stone aggregate), soft surface (grass, sand, and rubber padding), and dirt. However, our data collection methods allowed us to detect the fact that many environments were comprised of multiple flooring substrates, including both hard and soft. We had information regarding the percent coverage of each type of substrate within an environment, but not the configuration. Furthermore, we also did not have information regarding what portion of the environments were used by an elephant, just that an elephant had access to the substrate. We were therefore not able to determine either the contiguous coverage area or the time elephants spent on each of the different substrate types in mixed-substrate environments. We therefore focused the analysis on substrate categories where we knew the environment consisted of 100% coverage of hard substrate, 100% coverage of soft substrate, or 100% coverage of dirt. This is a conservative approach, as time spent in environments with substrate coverage that was large, but less than 100%, was not captured in this analysis. Environments with 100% coverage of dirt substrate were classified as a separate category because we were informed that dirt can be either soft or hard depending on how it is managed; however, we had not collected sufficient information to make this distinction within our dataset. Percent Time on a substrate was calculated by first summing the percent time spent in environments with 100% coverage of that substrate for a given month, then averaging the monthly sums. This calculation was performed per substrate type (Soft, Hard, and Dirt) and per housing period (Day, Night, and Overall).
Statistical Analyses
Descriptive statistics, including the range, mean, and standard deviation, were calculated for all variables. Most variables were determined to be non-normally distributed, so non-parametric tests were used for population comparisons. Matched pairs for day and night housing were compared using the Wilcoxon Signed Rank Test. The variables were also assessed for species and sex differences. Means and standard deviations were calculated for variables and the Mann-Whitney U (Wilcoxon Rank Sum) Test was used to determine differences attributable to species or sex. Total Exhibit Space and Total Overall Space Experience were compared using the Wilcoxon Signed Rank Test for matched pairs. Proportion Space Experienced was determined by comparing the proportion of an elephant's Space Experience to the Total Exhibit Size, where 100% would indicate that an elephant's Space Experience matched the Total Exhibit Size at that zoo. Herd Size and Overall Social Experience were compared using the Wilcoxon Signed Rank Test for matched pairs. Proportion Social Experienced was calculated as the proportion of Social Experience to Herd Size. Statistical analyses were conducted using SAS software, version 9.3 (SAS Institute, Inc., Cary, NC), and a P-value of <0.05 was considered statistically significant.
Results
Twenty-three housing and social variables were created ( Table 2) . As many variables use hours per day and night management periods as a basis for calculation, the population range for night lengths and distribution of elephants with respect to night length are shown in Fig 3. Night length varied monthly, with an average across all months of 12.5 hours. Data for one winter (January) and one summer (July) month are presented for comparison. The modal Night length for both January and July was 14 hours, with a range among all elephants of 10-18 hours in January and 8-18 hours in July. In terms of sex differences, males had a larger Overall Total Space Experience on average than females, particularly with regard to spaces that provided a choice between indoors and outdoors (Table 4) . On average, males had an Overall In/Out Choice Space Experience of 25,330.7 ft 2 compared to 13,570.1 ft 2 for females. Additionally, females had a greater amount of Relative Social Experience Change than males (0.17 and 0.11, respectively). This indicates that while both males and females spent more time with other animals during the day than at night, females' social group size decreased by more at night than the males' social group size. Comparative analysis did not detect any sex or species differences in time spent in environments with 100% coverage of hard substrates, 100% coverage of soft substrates, or 100% dirt (Table 4) . Elephants spent, on average, 10.2% of their time in environments with 100% coverage of hard substrates and 10.6% in environments with 100% coverage of soft substrates. Time spent in environments with 100% coverage of either hard or soft substrate was greater during the Night than during the Day (Table 3) , which indicates that elephants are more likely to be housed in single-substrate environments during the Night than during the Day.
To demonstrate the distribution of results for percentage-based variables across the population, Fig 5 presents histograms of the number of elephants that experienced between 0 and 100% time (in 10% intervals) for a number of variables. Some of these variables had bimodal distributions at the low and high ends of the scale, such as Percent Time In/Out choice, Percent Time Housed Separately, or Percent Time with Juveniles. Other measures, such as Percent Time on Hard Surfaces, showed a decrease in frequency as percent time increased. Additionally, the patterns varied between Overall and Day and Night experiences. Overall Total Space Experience of an elephant did not closely correlate to the Total Exhibit Size of the zoo in which it was housed. The Wilcoxon Signed Rank test found that these two metrics of space generated significantly different (P-value<0.001) rankings. This difference can be readily explained by examining Proportion Space Experienced, as shown in Fig 7. The Overall Total Space Experience represented 75% or more of the Total Exhibit Size for only 11 elephants from 5 zoos, and two of those elephants were from the zoo with the smallest Total Exhibit Size. In contrast, the Overall Total Space Experience of 16 elephants from 11 zoos was less than 10% of the Total Exhibit Size for their respective zoos. On average, the Overall Total Space Experience to Total Exhibit Size ratio was 34.7%.
Similarly, the Overall Social Experience of an elephant did not correlate with Herd Size. The Wilcoxon Signed Rank test found that these two metrics provided significantly different (Pvalue<0.001) rankings, as illustrated in Fig 8. Herd Size ranged from 1 to 13 animals and an elephant's Overall Social Experience ranged from 1 (alone) to 11.23. On average an elephant's Overall Social Experience consisted of 60% of the herd, and at minimum 8% of the herd. Thirtythree elephants at 15 zoos had an Overall Social Experience score equal to the Herd Size and 10 elephants at three zoos had an overall Social Experience that equaled 95% of the Herd size.
Discussion
The results presented in this paper allow for a detailed and thorough understanding of how elephants in accredited North American zoos experienced their physical and social environments over the course of a full year. The range of variables presented reflects the complexity of Table 4 . Housing, flooring, and social variables (Overall) by species and sex including means and standard errors.
Comparisons between African and Asian elephants, and male and female elephants, were made using the Mann-Whitney U (Wilcoxon Rank Sum) test. elephant management and underscores the need to develop comprehensive standardized methods of translating this complexity into data suitable for use in comparative analyses and in the assessment of elephant welfare. At its simplest, the social life of a zoo elephant can be characterized by enumerating the size of the herd at the zoo at which it lives. However, modern elephant management rarely follows a model where all the elephants at a facility spend all of their time together as a single herd. In fact, elephants are managed in social groups of varying sizes and compositions, and individual elephants can be members of multiple social groups (population range: 1-30 unique social groups per elephant) with which they spend varying amounts of time depending on management schedules, elephant characteristics, or other factors. Given this approach to social management, it becomes clear that the simplest social variable, herd size, is not necessarily adequate to explain the social life of a specific individual. Animal Contact, the next simplest variable we created, improves upon herd size in that it transitions to using the individual elephant as the unit of analysis, but provides only a count of the unique elephants with which that individual shares unrestricted space. Social Group Contact is a more complex variable that is also calculated at the elephant level, but in addition incorporates the factor of groupings to account for the fact that elephants experience diversity in their social group membership. Finally, Social Experience accounts for the factor of time in elephant social management by weighing the size of each social group experienced by the amount of time each elephant spends in each group. The fact that Social Experience integrates the number of elephants in each social grouping with the element of time makes it the most robust approach to standardizing the quantification of complex managed social milieus developed to date.
In addition to quantifying an elephant's social experience with respect to number of conspecifics, we calculated additional social variables such as percent time housed with juveniles, in a mixed sex group, separately, or separately with restricted physical access to conspecifics. Wild elephant herds typically include calves and juveniles. Allomothering,which is the caretaking of the offspring of herdmates, is prevalent and believed to provide pre-pubescent and/or nulliparous females with valuable mothering experiences and skills [38, 39] . Thus, the presence of calves and juveniles within a captive herd may have important ramifications for the successful rearing of offspring for first-time mothers. In addition, in many species juveniles are known to engage in more play than adults [40] , and their presence in an elephant herd is hypothesized to add to the dynamic nature of group interactions in a way that supports normal behavioral expression [9] . In our population, 45 of the 226 adult elephants (36/181 females and 9/45 males) had the opportunity to spend time with juveniles. The mean time spent with juveniles by these elephants was 65.68%. Thus, while about two-thirds of the social time budget of these elephants was spent in social groupings that included juveniles, the opportunity for social interaction with young elephants was only available to 20% of the adult elephants in the population.
Quantifying an elephant's physical environment with respect to space requires standardization of complex management models that vary both within and between zoological settings. Elephant management rarely involves the housing of elephants in a single defined area, but rather involves shifting individuals or groups between a variety of spaces of differing sizes and features. In fact, elephants in the study population spent time in an average of 9.4 different environments in the course of regular management (population range: 2-46). To account for this practice, we looked at space allocation using multiple variables, ranging from the simplest zoo-level variable (Total Exhibit Size) to the most complex variable that accounted for different amounts of time spent in environments of differing sizes (Space Experience). In addition, housing variables were calculated to quantify both Space Experience and Percent Time in different types of environments (Indoor, Outdoor, In/Out Choice) and for different time periods (Day, Night, Overall). This yielded a variety of specific variables, each of which characterized space by accounting for relevant characteristics of the physical environment. Knowledge of these aspects of elephant housing are important given that, in other species, positive associations have been found between improvements in behavioral and/or physiological indicators of welfare and housing animals outdoors [41, 42, 43, 44] or in environments that provide indoor/outdoor choice [45, 46, 47, 48] .
The Proportion Space and Social Experienced analysis was conducted to reveal how each individual elephant's experience of physical and social resources correlated with the total resources available at the zoo. Mean proportion experienced was 34.7% for spatial resources (Fig 7) . While we do not know if it is logistically possible to achieve Space Experience scores that are 100% of Total Exhibit size (due to the layout of each exhibit), it is clear that there is opportunity to more efficiently utilize spatial resources by offering access to multiple contiguous enclosures at the same time. For social resources, the mean proportion experienced was 60%. While there could be many factors contributing to spatial and social resources not being fully utilized, our data indicate that these rates are being driven mainly by practices associated with Night management. The Relative Space Experience Change and Relative Social Experience Change variables (Fig 4) demonstrate that 199/252 elephants in the population had a restriction in Space Experience and 148/252 had a restriction in Social Experience when moving from Zoo Elephant Housing and Social Measures winter (Fig 3) , and given that Night Social Experience was found to be significant predictor of nighttime stereotypy performance in a related study [9] . Exposure to hard substrates has been hypothesized to be associated with the prevalence of foot and musculoskeletal problems in elephants [29] and decreases in foot health and recumbent resting behavior in cattle [28, 33, 49] . Our analysis provided a conservative estimate of time spent on hard surfaces due to the fact that we were only able to capture time spent in environments with 100% coverage of either hard or soft substrates. However, the variability in substrate exposure across the population was sufficient to test for associations between exposure to hard or soft substrates and behavioral and health-related indicators of welfare in related studies [10, 11, 13] .
While the study population as a whole displayed a wide range of variation in many of the housing and social variables, only a few significant differences were found between the two species (Asian / African) and by sex, indicating that dissimilarities in elephant management practice do not occur consistently along species or sex lines. For the species comparisons, the most notable differences were in Space Experience. . The data suggest that the difference in Space Experience between the two species is driven by differences in the area of outdoor space available in exhibits, as Overall Outdoor Space Experience was also significantly greater for African elephants. Space Experience also diverged between the sexes. Both Overall Total Space Experience and Overall In/Out Choice Space Experience were significantly higher for males. The management of male elephants generally requires larger and more flexible housing resources; and these results indicate that these resources are being used such that males spend more time in larger, outdoor environments than females.
Our analyses demonstrated that the zoo-level factors Herd Size and Total Exhibit Size were not correlated with the individual-level Social Experience or Space Experience scores. This indicates that, because of the complex ways in which elephants are managed, zoo level factors are not a proxy for individual elephant experience. This is a particularly relevant finding to animal welfare assessment, because welfare outcomes such as behavior and physiology are sensitive to differences in physical and social milieu and associations could be masked if zoo-level, rather than individual-level independent variables are used. In fact, when variables presented in this paper were tested in multi-variable predictive models for a range of welfare indicators, those that were calculated at the zoo or herd level were never significant factors, whereas many of the individual elephant-level variables were significantly associated with elephant welfare outcomes (see: [9, 10, 11, 12, 13, 14] ).
Conclusion
Resource based measures that describe housing and management practices are necessary to provide a comprehensive assessment of the welfare of managed animals. We have described the development of such variables created as part of an epidemiological study assessing the welfare of elephants in North American zoos [50] . We found that although there was variability in how elephants are housed in terms of space, flooring, and social groups, these differences were rarely associated with the species or sex of the elephants. In addition, for both spatial and social measures, individual and zoo based variables were not correlated. These results, combined with the finding that Day and Night management varied with respect to key housing and social factors, highlight the need for individual-based variables that represent both operating and nonoperating zoo hours to adequately represent animals' experiences. These can then be utilized as standardized variables for assessing resource based measures and their associations with welfare indicators both within and across institutions. This approach may be applicable to any zoo-housed animal, but is particularly relevant to those species that are managed dynamically.
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